The transmembrane protein TatA is the pore forming unit of the twin-arginine translocase (Tat), which has the unique ability of transporting folded proteins across the cell membrane. This ATP-independent protein export pathway is a recently discovered alternative to the general secretory (Sec) system of bacteria. To obtain insight in the translocation mechanism, the structure and alignment in the membrane of the wellfolded segments 2-45 of TatA d from Bacillus subtilis was studied here. Using solid-state NMR in bicelles containing anionic lipids, the topology and orientation of TatA d was determined in an environment mimicking the bacterial membrane. A wheel-like pattern, characteristic for a tilted transmembrane helix, was observed in 15 N chemical shift / 15 N-1 H dipolar coupling correlation NMR spectra. Analysis of this PISA wheel revealed a 14-16 residue long N-terminal membrane-spanning helix which is tilted by 17°with respect to the membrane normal. In addition, comparison of uniformly and selectively 15 N-labeled TatA 2-45 samples allowed determination of the helix polarity angle.
Introduction
The twin-arginine translocase (Tat) is a recently discovered protein translocation system that is able to transport folded proteins across the cell membrane. This pathway has been found in plants, bacteria and archaea, and operates in parallel to the well-characterized general secretory (Sec) pathway [1] [2] [3] . Typical substrates of the Tat translocase are proteins that bind a cofactor in the cytoplasm prior to translocation, or proteins that are transported as heterooligomeric complexes and therefore need to be transported in a folded state [4] . To target the substrate proteins to the Tat pathway, they are expressed as precursor-proteins with an N-terminal signal peptide, comprising a highly conserved "twin-arginine" (RR) consensus motif near the N-terminus [5] . In contrast to the Sec pathway, the Tat translocation is ATP-independent and is energized solely by the transmembrane proton electrochemical gradient [6, 7] .
In Escherichia coli the Tat translocase system consists of three integral membrane proteins TatA, TatB and TatC, but Bacillus subtilis and most other Gram-positive bacteria lack the TatB protein. Instead, the TatA proteins from these bacteria show sequential similarity to both TatA and TatB from E. coli [8] (The sequences of E. coli TatA and TatA d from B. subtilis are compared in [9] ). On the other hand, in B. subtilis there exist multiple TatA and TatC analogues, as every substrate seems to have its own specific Tat translocase [10, 11] . For example, this study focuses on TatA d , the TatA homologue, responsible for the translocation of phosphodiesterase PhoD. In all cases the TatA protein is found to be present in the cell with a much higher copy number than TatB and/or TatC.
A number of studies have lead to the currently accepted model of the Tat translocation cycle in E. coli and plant thylakoids, where a heterooligomeric TatBC complex serves as a receptor for the cargo-protein, while TatA, being present in high molecular excess, is the pore forming unit [12] [13] [14] [15] [16] [17] . In this model, the twin-arginine signal peptide of the Tat substrate is initially recognized by a binding site in TatC of a membranebound TatBC complex. This triggers the association with a homooligomeric transmembrane TatA complex, which serves as the translocon pore. The number of TatA protomers might match the size of the pore to the size of the passenger protein [18] . After translocation of the substrate through the channel, the signal peptide is cut off by an integral peptidase (LepB), and the multi-protein-complexes dissociate then [5] .
To elucidate how a folded Tat substrate of 3-7 nm size can be moved across the cellular membrane while maintaining its ionic impermeability, it is important to obtain more detailed structural information about TatA, which forms the translocon pore. In E. coli, ring-shaped TatA-complexes of variable size have been observed by electron microscopy with channel inner diameters that match the size of the known Tat substrates, and with a lid that closes the pore on one side (which side is not known, since this study was performed in detergent micelles) [18] . The wall thickness of the pore indicates that it might consist of a double ring of membrane spanning helices. Furthermore a function-related change of topology has been suggested for E. coli TatA, whereby an amphiphilic helical segment might change its location from the membrane surface to a membrane-spanning state [19] . Homooligomeric complexes with an average diameter of 10 nm were also observed by electron microscopy for TatA d from B. subtilis when reconstituted into phospholipid vesicles [20] . Despite its intrinsic membrane-integrated location, this protein was also found to occur in a soluble form in the cytosol, assembled into micellelike structures with the hydrophobic N-terminus in the inside and the highly charged C-terminus exposed to the outside [20, 21] . It was suggested that soluble TatA d might serve as a targeting factor, recruiting the substrate and directing it to the membrane-integrated translocation site [21] . Since no accessory proteins were found in B. subtilis so far, and since a TatB-like protein is lacking, it is suggested that TatA assumes the function of both, TatA and TatB [8, 11] .
Based on their primary sequences, TatA proteins are predicted to consist of an N-terminal membrane-spanning helix, followed by a short hinge region, an amphiphilic helix, and a highly charged unstructured C-terminus (Fig. 1) [22] . This model has been supported recently by circular dichroism (CD) and oriented CD (OCD) spectroscopy studies of full-length TatA d from B. subtilis and of different truncated analogues of this protein in phospholipid vesicles and oriented bilayers [9] . More detailed structural information or even atomic resolution of the Tat components, however, is still not available. Here, we used solid-state NMR to obtain a detailed picture of the membrane topology and alignment of TatA d in a genuine membrane environment, as a basis for understanding the mechanism of Tat transport at a molecular level.
By solid-state NMR, orientational constraints can be measured for individual atomic sites of a protein, e.g. 15 N in the backbone, when reconstituted in a membrane [23] . 15 N-NMR spectra are acquired with samples that are macroscopically aligned relative to the magnetic field direction [24] , using twodimensional separated local field methods [25] such as PISEMA [26, 27] or SAMMY [28] . To obtain highly resolved spectra, the sample has to be uniformly aligned in a suitable membrane environment. Magnetically aligned bicelles are well suited for this purpose [29] [30] [31] [32] , as they tend to give narrower signals than samples in which proteins are reconstituted into mechanically aligned lipid bilayers on glass plates. Bicelles are composed of long-chain and short-chain phospholipids, mixed in a molar ratio q, which determines their properties. Small bicelles with a small fraction of long-chain lipids (q b 1.5) tumble isotropically and can be used for solution-state NMR, whereas large bicelles (q N 2.5) orient spontaneously in strong magnetic fields above a transition temperature [33] and are used here for solid-state NMR. Even though the morphology of large bicelles above their transition temperature is still a subject of debate [34, 35] , they are known to align uniaxially with their bilayer normal perpendicular to the magnetic field (so-called perpendicular bicelles or "unflipped" bicelles), and membrane proteins retain their genuine structural features in these bicelles as they do in phospholipid bilayers [36] . Proteins with one to seven transmembrane helices have been successfully incorporated into bicelles and were shown to undergo rapid rotational diffusion about the bilayer normal [37] [38] [39] . In these mobile systems it is thus possible to measure the averaged orientation for every amide site. To simplify the structure analysis of the 70-amino acid protein TatA d from B. subtilis, several truncated constructs of this membrane protein have been recently expressed and studied by CD and OCD spectroscopy, giving qualitative information on secondary structure and topology [9] . Here, we present oneand two-dimensional solid-state NMR studies of the functionally relevant fragment TatA 2-45 , uniformly and selectively 15 N-labeled, in magnetically aligned bicelles. In this construct the C-terminal region, which by sequence analysis is predicted to be unstructured, was removed. Experimentally, it was shown by truncation analysis to be not essential for Tatdependent transport in E. coli [40] , and CD difference spectra have demonstrated the absence of a well-defined conformation for this charged terminus reconstituted in lipid membranes [9] . In Fig. 2 Our NMR analysis demonstrates that TatA d contains an N-terminal transmembrane helix, thus confirming the sequencebased predictions and the findings from OCD spectroscopy [9] . In addition, using solid-state NMR, we were able to obtain detailed structural information of the protein in its membrane environment which cannot be gained using any other biophysical technique. In particular, the tilt angle and the azimuthal rotation of this helix in DMPC/DMPG/6-O-PC bicelles were determined by comparing the experimental data with simulated NMR spectra of ideal α-helices. The 2D-NMR analysis and partial spectral assignment reported here thus represent the first step towards an atomic resolution structural model of the TatA d translocation unit, which is essential for understanding the mechanism of the Tat-translocation.
Materials and methods

Expression and purification
The expression and purification of TatA d and for various truncated constructs of TatA d have been previously described [9] . The gene of TatA , which codes for the N-terminal transmembrane and the amphiphilic helix, was cloned into a pET28a(+) vector (Novagen) which allowed expression with an N-terminal His 6 -tag to facilitate protein isolation. TatA 2-45 was expressed in E. coli strain BL21(DE3) (Novagen) at 37°C and 250 rpm shaking frequency. To obtain uniformly 15 N-labeled protein, expression was performed in M9 medium as described by Cai et al. [41] , where 15 NH 4 Cl was the sole nitrogen source. For selective labeling with 15 N-valine, cells were grown in M9 medium with unlabeled NH 4 Cl, and a supplement of all amino acids but valine (unlabeled, 200-500 mg/L), and 15 N-Val (100 mg/L) was added 30 min prior to induction. Expression was induced at an OD 600 of 0.6-0.8 by the addition of IPTG, and cells were allowed to express for 20 h in the case of the uniformly and for 2 h in the case of the selectively labeled protein to avoid scrambling. Cells were disrupted by sonication, and solubilization of the protein from membrane and cell debris fractions was carried out using 2% of the detergent N-lauroyl-sarcosinate (NLS) (Fluka, SIGMA-Aldrich) under sonication in a bath sonicator. The protein was isolated using Ni-NTA affinity chromatography in the presence of NLS, which had to be removed by dialysis prior to CNBr cleavage of the His-tag. CNBr cleavage was performed in 50% TFA, yielding the product TatA . Residual CNBr was removed after the reaction by dialysis. The protein was purified further from the free His-tag and from uncut protein by a subtractive Ni-NTA affinity chromatography step, again in the presence of NLS, which was finally removed by exhaustive dialysis. The precipitated protein was pelleted by centrifugation and lyophilized. The overall yield of the purified protein is estimated to be 20 mg/L for uniformly and 25 mg/L for selectively labeled protein. Labeling and purity of the proteins were checked by HSQC-NMR (Fig. 3) , MALDI-TOF and SDS-PAGE. The purity is estimated to be ≥ 95% for both proteins.
Sample preparation
The preparation of protein-containing bicelle samples for solid-state NMR has been previously described [30, 42] . The lipids DMPC (1,2-dimyristoyl-snglycero-3-phosphocholine), DMPG (1,2-dimyristoyl-sn-glycero-3-[phosphorac-(1-glycerol)]) and 6-O-PC (1,2-O-dihexyl-sn-glycero-3-phosphocholine), obtained in chloroform solutions from Avanti Polar Lipids (Alabaster, USA), were mixed in a glass tube corresponding to a DMPC/DMPG molar ratio of 80:20 and a long-chain to short-chain lipid ratio of q = 3.2 (56 mg lipid in total). The solvent was evaporated under a stream of nitrogen gas and subsequently under high vacuum. To obtain bicelles, 200 μL of water was added to the dry lipid film, and the mixture was vortexed extensively at 0°C and 43°C alternatingly. Upon bicelle formation, the solution becomes clear and nonviscous at low, and opaque and viscous at high temperature. 160 μL of pH-adjusted (pH = 6.8) bicelles were directly added to about 3 mg of lyophilized TatA 2-45 powder, which gave a peptide to long-chain lipid ratio of about 1:60. The sample was incubated for 30 min at 43°C and allowed to equilibrate at room temperature overnight, and was then transferred to a 5-mm outer diameter flat-bottomed glass tube (New Era Enterprises) and sealed tightly with a rubber plug. The non-hydrolysable etherlinked analogue of the short-chain lipid DHPC (1,2-dihexanoyl-sn-glycero-3-phosphocholine) was used to increase sample stability.
Solid-state NMR spectroscopy
Solid-state NMR experiments were performed on a 500-MHz Bruker Avance spectrometer (Billerica, MA) with a wide-bore 500/89 AS Magnex magnet (Yarnton, UK). A home-built double-tuned 1 H / 15 N probe [42] with a round 5 mm inner diameter solenoid coil was used for all experiments. All bicelle samples were allowed to equilibrate and align in the magnetic field at 42°C for at least 30 min prior to the experiments. One-dimensional 15 N chemical shift spectra were recorded with cross-polarization, using CP-MOIST [43] to compensate for radio frequency power mismatches. The spectra resulted from averaging over about 10,000 scans. Composite pulse decoupling by SPINAL-16 [44, 45] with a field strength of 54 kHz was used for heteronuclear 1 H decoupling during acquisition. For both, one-and two-dimensional experiments, a cross-polarisation contact time of 1 ms was used. The recycle delay was 6-8 s to avoid sample heating. 15 N chemical shift frequencies were referenced to solid ammonium sulphate (26.8 ppm), which corresponds to a referencing of 0 ppm for liquid ammonia [46] . Two-dimensional separated local field spectra, which correlate 15 N chemical shifts with 1 H-15 N dipolar couplings, were obtained with the SAMPI4 pulse sequence [47] , an improved version of the SAMMY experiment [28] . A 1 H carrier frequency of 9 ppm was used, which is the optimal position for transmembrane helices in perpendicular bicelles [38] . The SAMMY spectrum of the uniformly labeled sample was acquired with 320 accumulated FIDs using 256 complex data N-Val-TatA 2-45 consisted of 48 t 1 increments and 256 t 2 complex points with 800 scans for each t 1 increment. Data sets were zero-filled in both the t 1 and t 2 dimension, yielding a 1024 × 1024 real matrix, and processed by phase shifted sine bell multiplication and line broadening of 100 Hz in the direct and 200 Hz in the indirect dimension. The dipolar dimension was scaled as described in [47] . NMR data were processed and displayed using the programs NMRPipe/ NMRDraw [48] and Sparky [49] .
Simulations
The tilt angle τ of the transmembrane helix of TatA 2-45 and the order parameter S were determined simultaneously by fitting the NMR data to simulated PISA wheel patterns of ideal α-helices with different tilt angles. For the ideal α-helices, uniform backbone dihedral angles were used for all residues (Φ = −60.7°; Ψ = −44.7°). The principal values of the 15 N chemical shift tensor were σ 11 = 64 ppm, σ 22 = 77 ppm, and σ 33 = 222 ppm, and the angle between the principal axis of the 15 N chemical shift tensor, corresponding to σ 33 and the N-H vector was δ = 18.5° [38, 50, 51] . We used average values for the amide 15 N-CSA tensors and the angle δ, as their variation has only little effect on the overall helix orientation [52, 53] . NH bond distance of 1.07 Å was used, and the order parameter of the protein containing bicelles was determined as S = 0.83. To determine the azimuthal rotation angle ρ, the position of the signal in the PISA wheel pattern of a single residue in the ideal α-helix was calculated for different values of ρ and compared with the experimental data. The simulations were carried out using home-written Matlab and C++ programs.
Results
To analyze the structure of the twin-arginine translocation system in membranes, we chose TatA d from B. subtilis, which represents the minimal pore-forming component. By solidstate NMR, the truncated transmembrane fragment TatA 2-45 of the 70-amino acid protein was examined in magnetically aligned bicelles, as the unstructured C-terminus is not required for function. To characterize the topology of TatA in an environment that mimics a negatively charged bacterial membrane, the protein was reconstituted in bicelles composed of 80 mol% DMPC and 20 mol% DMPG as long chain lipids.
Earlier CD measurements had demonstrated that the extramembraneous portion of TatA requires such negatively charged environment for folding, and that both the transmembrane domain and the amphiphilic segment have an essentially helical conformation [9] . All 15 N-labeled protein samples were characterized by HSQC NMR spectra in SDS micelles (Fig. 3) , confirming that both uniform and selective labeling had been successful. Fig. 4A shows the one-dimensional 15 N-NMR spectrum of uniformly 15 N-labeled TatA 2-45 in perpendicular bicelles composed of DMPC/DMPG/6-O-PC. The spectrum has a good resolution, and is characteristic of a membrane protein with a transmembrane helix and an in-plane domain, being well aligned in the oriented phospholipid bicelles. All resonances are concentrated in two discrete regions of the spectrum. The 15 N chemical shift frequencies between 80 and 98 ppm originate from amide sites parallel to the membrane normal (perpendicular to the external magnetic field) as expected for a transmembrane helix, whereas the resonance frequencies in the range of 120-135 ppm are associated with peptide planes parallel to the bilayer surface. The baseline between these spectral regions demonstrates the absence of any underlying powder pattern from unoriented or aggregated material, and hence indicates that the protein is well aligned. Fig. 4B illustrates the one-dimensional 15 N-NMR spectrum of the selectively 15 N-Val-labeled protein in perpendicular bicelles under the same conditions. Showing only one single line at 83 ppm for the single Val-residue of the TatA sequence, this spectrum demonstrates that the protein is well folded and the sample is well aligned in the magnetic field. There is no intensity around the isotropic position at 120 ppm, indicating that there are no isotropically moving parts in the protein. The spectral position of the Val15 signal already suggests that this residue lies in a membrane-spanning helix.
Alignment of TatA 2-45 in phospholipid bicelles
Two-dimensional SAMMY spectra of TatA 2-45 in phospholipid bicelles
Two-dimensional separated local field methods, like the SAMMY experiment, provide additional resolution and spatial information about a protein by correlating the 15 N chemical shifts with the heteronuclear 1 H-15 N dipolar couplings. Due to their periodicity, α-helices yield spectra with characteristic orientation dependent wheel-like patterns, onto which their helical wheel projections are mapped [53, 54] . Each amide nitrogen in the polypeptide backbone is characterized by the orientation of its peptide plane with respect to the magnetic field, and it gives rise to a single resonance in a characteristic region of the spectrum. The so-called PISA wheels not only indicate an α-helical secondary structure, but they also provide quantitative information about the orientation of the helix in the membrane (tilt angle τ and rotation angle ρ) [55] . [54] . 12 resolved resonances can be counted, out of which at least two peaks possess significantly higher intensity and thus are likely to comprise several overlapping signals.
The signals around 120-135 ppm anisotropic chemical shift must arise from NH-bonds lying parallel to the membrane surface, hence they could belong to the amphiphilic helix of TatA d . Their resolution is lower because the experimental parameters were optimized for detecting transmembrane segments, and due to the intrinsically smaller couplings. The remaining few signals between 100 and 120 ppm might arise from residues from the loop regions. As in the one-dimensional spectrum, the two-dimensional spectrum has no appreciable intensity at the isotropic position (120 ppm), which demonstrates that there are no isotropically mobile residues in the protein. In the SAMMY spectrum of uniformly labeled TatA 2-45 every amide site gives rise to a unique signal, indicating that all protein molecules have the same orientation relative to the magnetic field and that TatA 2-45 has a well defined and stable structure.
The SAMMY spectrum of the selectively 15 N-Val-labeled sample contains only a single resonance, since there is only one valine in the TatA 2-45 sequence (see Fig. 5B ). Comparison of this spectrum with that from the uniformly labeled protein enables the assignment of Val15 in the PISA wheel, which confirms not only the N-terminal location of the transmembrane helix but also allows the determination of the helix phase angle in the lipid environment.
Determination of the transmembrane-helix orientation
The angles τ and ρ, which describe the orientation of a helix in a lipid bilayer, are defined in Fig. 6A . The tilt angle τ describes the tilt of the helix axis away from the bilayer normal, while the azimuthal rotation ρ of the helix at a specific residue is defined by the angle about the helix axis, turning the plane spanned by the helix axis and the membrane normal into the Cα-atom of this residue. In Fig. 5A and B the simulated best-fit PISA wheel, calculated for an ideal α-helix (see Materials and methods), is superimposed on the experimental data. The simulations fit the NMR data very well, thus revealing that the transmembrane part of TatA 2-45 forms an α-helix with a tilt angle of about 17°in DMPC/DMPG bicelles. The error is estimated to be ± 3°, where we believe that the usage of uniform values in place of site specific values for torsion angles and tensor elements is the major source of deviation. The azimuthal rotation angle of Val15 was determined by comparing the assigned Val15-signal with the calculated positions of signals from single residues in an ideal α-helix with different rotation angles. It was thus found that Val15 has an azimuthal rotation angle of ρ ≈ 215°. The signal of Val15 deviates slightly more from the PISA-wheel pattern than the other signals, which 
Discussion
One-and two-dimensional NMR spectra of uniformly and selectively 15 N-labeled TatA 2-45 incorporated in anionic perpendicular bicelles were acquired and analyzed. The SAMMY spectrum of the uniformly labeled sample shows a well-resolved PISA wheel (Fig. 5A) , confirming the existence of the membrane-spanning α-helix of TatA d . The wheel-like pattern consists of resonances associated with at least 14 residues. This is in agreement with data from H 2 O/D 2 O exchange HSQC solutionstate NMR measurements of TatA in SDS-micelles (data not shown), which suggest that the helix comprises of residues (P)GLILIFVIALIIFG(P). Though the prolines cannot be observed in HSQC or SAMMY spectra, they might be part of the transmembrane segment as helix-flanking residues, so that the helical segment contains 16 residues. Simulations of PISA wheels corresponding to tilted ideal α-helices suggest that the transmembrane segment of TatA 2-45 has a tilt angle of τ = 17°r elative to the membrane normal in a dimyristic phospholipid environment (DMPC/DMPG-bicelles). Membrane-spanning helices were shown to respond to hydrophobic mismatch by changing their tilt angle [56] [57] [58] . The results found for TatA are consistent with data from other protein helices, such as the first transmembrane helix of the protein MerFt which contains 15-16 residues and is tilted with an angle of 18°in DMPC bicelles [38] . The length of transmembrane helices has been described to range from 14 residues to 36 residues, with an average length of 26.4 residues [59] . Even though the length of the TatA d transmembrane segment may appear to be comparatively short, if the hydrophobic thickness of a DMPC bilayer is assumed to be about 23 Å [60] and the distance of two adjacent amino acids to be 1.5 Å, then a 16-residue-helix, tilted by 17°, matches the hydrophobic thickness.
The similarity between the experimental NMR spectrum and the simulated PISA wheel, using an idealized helix geometry as employed in a number of previous studies of transmembrane helices, shows that TatA 2-45 has a typical transmembrane helix. As is often observed with PISA wheels, single signals may deviate slightly from the calculated wheel pattern; this can result from local variations in structure, chemical shift tensor elements or tensor orientation with respect to the molecular frame [53] . The single signal from the selectively 15 N-Val-labeled protein allows assignment of Val15 in the PISA wheel of the uniformly labeled sample, and it confirms that the transmembrane helix is located in the N-terminal domain of the protein. The assignment of the sole valine in the amino acid sequence of TatA 2-45 also allows determination of the helix phase, since a PISA wheel reflects directly the helical wheel projection [55] . The signal of the SAMMY spectrum of the selectively labeled sample overlaps with the corresponding signal of the uniformly labeled protein within the error limit defined by the line width. The dipolar coupling, which is the more reliable parameter [54] , exhibits a smaller error than the chemical shift frequency.
The SAMMY spectrum of TatA 2-45 was highly reproducible (data not shown), and very few resonances emerge at the isotropic position of 120 ppm and 0 Hz dipolar coupling, indicating a stable entirely folded structure of this protein construct. In addition to the transmembrane segment of TatA , signals at 120-135 ppm indicate the presence of a protein segment aligned in-plane of the membrane. Even though these resonances are not well resolved, they confirm structural models, which propose an amphiphilic helix for the C-terminal part of TatA (corresponding to the central domain of the full length 70-amino acid TatA d protein). TatA proteins are supposed to form the protein-translocation channel of the twin-arginine transport machinery. Homooligomerization of TatA into a stable pore was described in many different studies for both, TatA from E. coli [61, 18] and TatA d from B. subtilis [20] . For both organisms membrane embedded multi-TatA complexes with a variable outer diameter of 8.5-13 nm [18] and an average size of 10 nm [20] , respectively, were observed by electron microscopy, even under harsh conditions such as detergents. The sizes of these complexes were calculated to correspond to 19-31 TatA protomers, forming a ring-shaped structure with their membranespanning helices [18] . It may be questioned whether our truncated construct, lacking the C-terminus, is able to form a pore at all. However, for E. coli the C-terminal part was found not to be essential for the function of the Tat translocase [40] , and CD studies indicated an unstructured conformation [9] . Since TatA complexes could even be isolated from C 12 E 9 detergent solution [18] , the lack of certain components that might co-exist in natural bacterial membranes is considered to be unlikely to affect oligomerisation. Moreover, it has been shown that neither the presence of the receptor TatC d nor of the substrate protein prePhoD had an effect on the formation of TatA d assemblies [20] .
Since our NMR spectra revealed a unique and well-defined structure of TatA 2-45 , the protein is expected to be present in our membrane preparation either as a monomer, or alternatively as a homogeneously and symmetrically assembled oligomer. Even the latter possibility, i.e. the formation of a stable pore structure, would be consistent with our NMR data, provided that the oligomer undergoes rotational diffusion in the lipid bilayer rapidly on the NMR time scale. A rough estimation based on the hydrodynamics of a rotating cylinder [62] with 10 nm diameter in a viscous bilayer yields a correlation time for rotational diffusion of approximately 5 μs, which would be just sufficient to average out the dipolar coupling frequencies of ∼ 10 kHz.
Concerning the functional cycle of Tat, Gouffi et al. proposed a conformational change of the amphiphilic helix of E. coli TatA in the presence of the substrate [19] . However, as expected, in our homogeneous sample preparation such change between transmembrane and surface bond state was not observed, neither were two populations.
In summary, our NMR results confirm the topology of TatA proposed by previous studies, and in addition provide the first detailed structural information of TatA 2-45 in a phospholipid environment. We have identified a transmembrane helix and an amphiphilic segment in TatA d , and characterized the orientation, polar angle and length of the transmembrane helix at high accuracy.
